ABSTRACT Eastern hemlocks (Tsuga canadensis Carriè re) at two sites in southwestern Virginia were treated by trunk and soil injections of imidacloprid to determine the insecticideÕs impact on hemlock woolly adelgid, Adelges tsugae Annand. Treatments were 25, 50, and 100% of the highest labeled dosage rates for both stem and soil injection. Three and 4 yr after treatment, the half and full rates had signiÞcantly reduced A. tsugae populations, which were accompanied by increased new hemlock shoot growth and higher hemlock health scores on a visual rating of tree appearance. Imidacloprid and metabolite concentrations in tissue of treated trees were determined by liquid chromatographyÐtandem mass spectrometry, and A. tsugae density decreased as imidacloprid concentrations increased in wood tissue. There were no observed A. tsugae populations in all trees with imidacloprid tissue concentrations Ͼ413 ppb. OleÞn, di-hydroxy, and 6-chloro-nicotinic-acid metabolites were the imidacloprid metabolites recovered in the highest concentrations. This suggests that hemlock metabolism of imidacloprid may increase efÞcacy of the parent compound. Stem and soil treatments of low rates of systemic imidacloprid reduce adelgid populations and promote hemlock health, but still may provide a remnant food source for beneÞcial predators.
Hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), is an invasive insect pest of eastern hemlock (Tsuga canadensis Carriè re) and Carolina hemlock (Tsuga caroliniana Engelmann) trees in the eastern United States. Hemlocks are important components of forest health and have unique roles in the ecology of eastern forests by providing habitat for many important aquatic, terrestrial, and avian species (Evans et al. 1995 , Yamasaki et al. 1999 , McClure et al. 2001 . A. tsugae is spreading throughout the native range of the eastern hemlock. It kills trees by feeding on ßuids and nutrients from parenchyma cells at the base of needles (McClure 1987b (McClure , 1991 Shields et al. 1995) . Infestation causes needle desiccation and discoloration and can inhibit production of new growth, often killing trees Ͻ10 yr after infestation (McClure 1987b , McClure et al. 2001 .
A. tsugae has a polymorphic life cycle and completes two generations each year on eastern hemlock (McClure 1987b (McClure , 1989 ). The sistens, or the overwintering generation, hatch in early summer and undergo aestival diapause, resuming development in the fall and feed throughout the winter (McClure 1987b , McClure et al. 2001 . Sistens eggs hatch in AprilÐMay as one of two types of progeny, usually as asexual progrediens or rarely as sexual sexuparae. The sexuparae are ecologically insigniÞcant in the eastern United States because suitable spruce or hemlock host species are not present (McClure 1987a,b) . Progrediens feed throughout late spring and eggs from adult females hatch as sistens in late June (McClure 1989) .
A complex of predators associated with A. tsugae in the western United States, Japan, and China are under evaluation as part of an ongoing classical biological control program for this pest. Although biological control of A. tsugae is a long-term objective, temporary control on individual trees can be realized with chemical applications of foliar sprays and systemic insecticides (McClure 1987b (McClure , 1991 Steward and Horner 1994; Cowles et al. 2006) . Chemical controls are primarily used in ornamental and landscape settings and on high-value hemlock stands in federal and state forests and parks (Rhea 1995 , Johnson et al. 2005 . Application of the neonicotinoid imidacloprid has become the most commonly used insecticide treatment for A. tsugae. It has physical characteristics that make it effective as a foliar, seed, or soil treatment against a wide variety of insect pests (Pßü ger and Schmuck 1991, Placke and Weber 1993, Silcox 2002) and is especially effective against sucking insects (Elbert et al. 1991 , Mizell and Sconyers 1992 , Lind et al. 1999 .
Hemlock treatments of imidacloprid are typically injected into the trunk or soil. Certain formulations of imidacloprid can be introduced to hemlock root systems using a Kioritz (Kioritz Corp., Tokyo, Japan) soil injector , Cowles et al. 2006 . Imidacloprid can also be stem injected using a variety of application systems, including the Mauget system (J. J. Mauget Company, Arcadia, CA), which uses a 10% formulation called Imicide. Imicide is injected into the xylem at the root ßare of each tree using hand-pressurized capsules. Both of these methods have been used with success against A. tsugae, and both soil and trunk injections have also proven efÞ-cacious as systemic treatments. Joseph et al. (2011) showed that low rates of insecticide application can be beneÞcial because they may lower A. tsugae populations but leave a remnant of adelgids on unaffected branches. This could potentially aid predator establishment because unaffected adelgids would still be present as a food source. Low rates of insecticide application also provide an economic incentive, as less material is used per tree than recommended rates, which results in lower costs. Ideally, low rates would provide enough A. tsugae control to reduce populations to provide infested hemlocks with relief, but enough adelgids would remain for beneÞcial predators to remain in the treated area and allow them enough food stock to survive and reproduce. This study evaluated different rates of imidacloprid using the two application methods and their impacts on A. tsugae presence and tree health. It also assessed insecticide concentration and metabolism in relation to A. tsugae presence and density.
Materials and Methods
Hemlock Treatments. Thirty-two eastern hemlock trees of approximately equal diameter at breast height (dbh; mean Ϯ SD ϭ 32.21 Ϯ 10.22 cm), health (health rating for each tree Ն90, see Table 1 ), and level of infestation (proportion of shoots infested [PSI] ; mean Ϯ SD ϭ 57.21 Ϯ 31.36) were selected from forested stands in Hungry Mother State Park in southwestern Virginia. These trees had never been treated with imidacloprid or any other insecticide. In 2004, 12 trees were soil-injected and 12 were trunk-injected while eight trees served as controls. For each application method, three trees were randomly assigned to one of four treatment levels: control, quarter, half, or the full (highest) labeled rate of imidacloprid. Soil injections were applied on 7 September 2004. A Kioritz applicator was used to inject imidacloprid (Merit 75 WP, Bayer Environmental Science, Research Triangle Park, NC) and water into the soil around the base of each hemlock tree. The tip of the applicator was used to make evenly spaced injection holes, located Ͻ30 cm from the base of the tree and Ͻ20 cm below the soil surface into the shallow root system for passive uptake. At least four injection holes into the soil were used for each tree. Rates used were 0, 25, 50, or 100% of 1.5 g imidacloprid per 2.5 cm of tree dbh (hereafter referred to as control, quarter, half, and full rates, respectively). The number of injection sites was the same for all treatment rates. Trunk-injected trees were treated with Imicide using the Mauget (J. J. Mauget Company) system on 11 May 2005. A portable electric drill with a 0.4-cm bit was used to drill a hole Ϸ0.6 Ð1.3 cm deep into the xylem. One capsule was placed into each hole. Holes were drilled into control trees, but no capsules were applied. Capsules were left in each tree until empty or until 24 h had elapsed. Each tree was treated with one of four rates resulting in three trees per treatment rate. Again, control, quarter, half, and full (highest labeled) rates were applied. For the full rate, one 3-ml capsule was used for each 2.5 cm of dbh. For the half rate, one capsule was applied every 5 cm dbh, and the quarter rate required a capsule for every 10 cm dbh, resulting in the total amount of imidacloprid applied equal to 0.15, 0.075, and 0.038 g for each 2.5 cm of trunk dbh. A completely randomized design was used.
Proportion of Shoots Infested With A. tsugae. To quantify A. tsugae infestations, the PSI with the A. tsugae sistens generation was measured pretreatment in 2004 Ð2005 and posttreatment each spring from 2006 to 2008. PSI is based on a binomial sequential sampling plan (Fidgen et al. 2006 ). On each tree, 50 shoots of the most recent growth from the distal ends of each of four branches were examined for the presence or absence of A. tsugae, resulting in 200 shoots examined per tree. The four branches were randomly selected from the lower to mid-crown in each of the four cardinal directions. The PSI was calculated for each tree as the number of infested shoots divided by the total number of shoots examined. Higher proportions correspond to higher adelgid infestation. Branches with no A. tsugae were not included in the analysis if the absence was determined to be from branch-tip dieback and lack of new shoot growth.
A. tsugae Density. To quantify A. tsugae population density after treatment, on 5 May 2007 four branches were cut from the lower crown of each tree exhibiting A. tsugae populations. Branches were taken to Virginia Tech in Blacksburg, VA, and examined under a microscope. The amount of new growth on lateral and terminal branches of the distal 30 cm of old growth of each branch was measured and rounded to the nearest cm. Each observed sisten residing on new growth was counted and probed to determine if it was alive or dead. An adelgid that could be observed moving when Each parameter category is worth up to 100 points. Parameter scores are summed and divided by 5 to give each tree a score ranging from 0 to 100 points. Higher scores correspond with healthier trees. disturbed or displaying bright and aqueous hemolymph when punctured was considered as alive. Adelgids that were lifeless, dry, or exuded thick black hemolymph when punctured were considered dead. For each tree, A. tsugae density was calculated by dividing the total number of live adelgids by the total centimeter of new growth.
New Shoot Lengths. In late summer of 2005, the length (centimeters) of new shoots was measured on the distal 30 cm of four randomly selected branches in the lower to mid-crown of each tree. The distal 30-cm section was measured beginning from the distal terminal point of old growth on the central leader, and measured proximally along the main stem. The length of new growth shoots on all branches in the 30-cm section was measured to the nearest centimeter. The total length of new shoots on the four branches was summed and divided by four to give a mean amount of new shoot length for each tree. Measurements were rounded to the nearest centimeter.
Hemlock Health Ratings. Each spring from 2005 to 2008, trees were visually rated according to a scoring system called hemlock health rating. Five parameters were used to score each tree: percent live branches, percent tips alive, percent new foliage, color, and an overall appearance grade (Table 1) . Each parameter was worth a maximum of 100 points. The sum of the Þve-parameter scores was divided by 5 to give each tree a Þnal score on a 0 Ð100 point scale. This rating system is similar to the hemlock vigor index (Mausel 2007) .
Imidacloprid Residue Analysis. To determine imidacloprid and metabolite residues in trees, distal branches were removed from the lower crown of each tree. In Marion, VA, four branches were cut at random from the lower crown of each tree (n ϭ 32) in spring 2007 and 2008 (2 and 3 yr posttreatment), respectively. To increase the number of available trees for imidacloprid residue analysis, 24 additional eastern hemlocks (N ϭ 56) were selected in the yard of a private homeowner in Abingdon, VA. At the time of treatment, all trees were healthy (health rating Ն90), yet were infested (PSI mean Ϯ SE ϭ 23.3 Ϯ 4.27) and had not been treated with any insecticides for A. tsugae or any other pests. On 24 April 2004, each tree was treated with one of four rates resulting in six trees per treatment rate. Twelve of these trees were retreated in May 2005 with a subsequent Mauget trunk injection of Imicide using either the quarter or full rate of imidacloprid. Finally, on 31 May 2006, 10 of these same trees with remaining A. tsugae populations were treated with a soil injection of imidacloprid (Merit 2f, Bayer Environmental Science, Research Triangle Park, NC) at 1.3 g imidacloprid per 2.5 cm dbh following the procedures for soil injection described previously. Trees were treated with different rates and formulations at various times to establish a broad spectrum of imidacloprid concentrations in the tissues so that PSI could be compared with imidacloprid concentration. See Table 2 for comprehensive treatment regime.
In March 2008, the distal 30 cm of four branches in the lower crown were cut from each tree in Abingdon. Each sample was stored in polyethylene freezer bags at Ϫ70ЊC until they were delivered to Villanova University in Villanova, PA, for analysis. Branches were dried and ground. Imidacloprid was extracted and analyzed by liquid chromatographyÐtandem mass spectrometry (LC/MS/MS) according to the procedures described in Eisenback et al. (2010) . This procedure quantiÞes imidacloprid as well as the oleÞn, urea, 6-chloro-nicotinic-acid (6-cna), des-nitro, desnitro-oleÞn, and dihydroxy metabolites. Samples were pooled from treated trees at both Þeld sites to corre- 
Imicide was injected by Mauget trunk injection, and Merit 2f was applied by Kioritz soil injection. F, full rate; H, half rate; Q, quarter rate; C, control.
a Total grams of imidacloprid applied over 3 yr per 2.5 cm of tree dbh.
late the PSI with imidacloprid and metabolite residues recovered in hemlock tissues. Statistical Analysis. Data were analyzed using SPSS for Macintosh OS X version 11.0.4. When necessary, control mortality was corrected using AbbottÕs formula (Abbott 1925) . Proportional data were arcsine square-root transformed before analysis (Zar 1998) . All reported means are untransformed. For all tests, a signiÞcance level of P ϭ 0.05 was used to separate means. To measure imidacloprid effects on each sampling date, the PSI, A. tsugae density, centimeters of new growth on each tree, and hemlock health ratings were analyzed by application method and treatment rate using two-way analysis of variance (ANOVA). When application method was not signiÞcant, data were pooled and analyzed by treatment rate. Means were separated using TukeyÕs HSD test. Mean differences were calculated as indicated in the text and analyzed by treatment rate with a one-way ANOVA and mean separation by TukeyÕs HSD test. Imidacloprid concentration LC/MS/MS data were corrected by subtracting the control mean concentration from each treatment group mean. In 2006, the presence of sistens in Marion was substantially reduced and the PSI was low on all trees (mean Ͻ11%), with no signiÞcant differences among treatments (F ϭ 1.16; df ϭ 3, 32; P ϭ 0.342). In 2007, A. tsugae populations were still relatively low (mean Ͻ12%), but there was a signiÞcant effect of rate on PSI (F ϭ 9.13; df ϭ 3, 28; P Ͻ 0.001). In 2008, A. tsugae populations had increased on all trees with PSI higher on control trees (mean: 78%) than quarter (38%), half (28%), or full rate trees (4%). There was a signiÞcant effect of treatment rate on PSI in 2008 (F ϭ 13.45; df ϭ 3, 28; P Ͻ 0.001).
Results

Proportion of Shoots Infested With
A. tsugae Density. Two years after treatments, A. tsugae sistens density on new hemlock growth decreased as treatment rate increased (Fig. 2) . There was no signiÞcant effect of application methods on A. tsugae (F ϭ 1.85; df ϭ 1, 25; P ϭ 0.074), but there was a signiÞcant difference of treatment rates on A. tsugae density (F ϭ 4.85; df ϭ 3, 22; P Ͻ 0.01). A. tsugae densities were highest on control branches, and densities declined as application rate increased. The highest observed density on a control branch was 10 A. tsugae per centimeter, while quarter rate branches displayed no higher than 7, and half and full rate branches displayed a maximum of 4 A. tsugae per centimeter new growth.
New Shoot Lengths. There was no signiÞcant effect of application method on shoot length in 2005 (F ϭ 0.031; df ϭ 1, 29; P ϭ 0.86), 2006 (F ϭ 13.37; df ϭ 1, 28; P ϭ 0.10), or 2007 (F ϭ 0.028; df ϭ 1, 29; P ϭ 0.868), so data were pooled by treatment method and analyzed by treatment rates. New shoot length means in all treatments increased each year; however, a treatment effect was not observed until 2007 when half and full treatments had signiÞcantly greater new growth than control trees (Fig. 3 ). There were no signiÞcant ; therefore, data were pooled by treatment method and analyzed by treatment rates. There were no signiÞcant effects of treatment rates on hemlock health ratings until 2008 (Fig. 4) . No signiÞcant effects of treatment on hemlock health ratings were observed in 2005 (F ϭ 1.5; df ϭ 3, 27; P ϭ 0.245) or 2006 (F ϭ 1.259; df ϭ 3, 26; P ϭ 0.317). In 2007, mean ratings for half and full rate trees increased while control and quarter rate trees decreased; yet there were no signiÞcant effects of treatment on hemlock health ratings (F ϭ 1.425; df ϭ 3, 28; P ϭ 0.265). In 2008, the mean control rating fell to 61.8, the lowest score observed among all treatments while the mean of full rate trees increased to 88.3, the highest score of all treatment groups during the 4 yr. There was a signiÞcant effect of treatments on hemlock health in 2008 (F ϭ 3.646; df ϭ 3, 29; P ϭ 0.028). Full and half rate scores were statistically equal, but only the full rate was signiÞ-cantly different from control and quarter rate trees.
Imidacloprid Residue Analysis. Mean concentrations of imidacloprid recovered from each treatment group had a signiÞcant negative correlation with corresponding PSI means in both 2007 (R ϭ Ϫ0.895; P ϭ 0.0200) and 2008 (R ϭ Ϫ0.814; P ϭ 0.0468; Table 3 ). There were no signiÞcant effects of application method on recovered imidacloprid concentrations in 2007 (F ϭ 4.479; df ϭ 1, 22; P ϭ 0.052) or 2008 (F ϭ 0.821; df ϭ 1, 27; P ϭ 0.376). There were no signiÞcant effects of treatments on imidacloprid concentrations recovered by LC/MS/MS in 2007 (F ϭ 1.248; df ϭ 3, 22; P ϭ 0.325), but there were signiÞcant effects of treatment on recovered imidacloprid concentrations in 2008 (F ϭ 4.36; df ϭ 3, 27; P ϭ 0.016), with highest concentrations found in the full rate treatment.
When imidacloprid concentrations and PSI were pooled over Þeld sites, application methods, rates, and timing, the PSI generally declined as imidacloprid concentrations in wood tissues increased (Fig. 5) . The mean concentration for branches with 0% PSI was 211 ppb and the mean for trees with PSI Ն1% was 41 ppb. Fidgen et al. (2006) determined that PSI scores Ͼ30% inhibit hemlock growth and represents a physiological injury threshold. Only three trees with wood tissue concentrations Ͼ27 ppb imidacloprid had PSI Ͼ30%. The mean imidacloprid concentration from trees with Ͻ30% PSI was 187 ppb. When comparing all treated tree samples, imidacloprid was the most prevalent of the detected compounds in hemlock wood tissue (85%), followed by the oleÞn (7%), dihydroxy (5%), and 6-cna (3%) metabolites, respectively. Des-nitro and des-nitro-oleÞn were also detected but were Ͻ1% of the total metabolites detected. The urea metabolite was not of consequence. Imidacloprid concentrations in wood tissues were generally in the ppb range (50 Ð 800 ppb); however, three samples were in the ppm range (4.8, 5.6, and 33 ppm). In samples with detected imidacloprid, the median concentration was 24 ppb, and the mean (ϮSE) concentration was 360 Ϯ 190 ppb. The maximum metabolite concentrations detected from all tree tissue samples were 912 ppb (oleÞn), 36 ppb (dihydroxy), and 104 ppb (6-cna).
Discussion
Trunk and soil injections of imidacloprid were efÞcient for controlling A. tsugae in the Þeld in southwestern Virginia, although treatment effects were not signiÞcant until 2 or 3 yr after application. The half rate did not reduce A. tsugae populations as effectively as the full rate, but PSI levels on half-rate treated trees were below the 30% injury threshold. The quarter rate reduced A. tsugae on some individual trees, but results were much more variable than the half or full rate. Observations of quarter rate trees indicated that large sections of each tree were typically not infested, but some branches scattered through the canopy had dense populations. Incomplete distribution of imidacloprid could explain this patchy distribution, as some sections of the crown may have received imidacloprid while other sections did not. A. tsugae surviving on treated trees may have survived because of the low incidence of imidacloprid, as the majority of trees (91%) exhibiting a PSI Ͼ 30% had Ͻ27 ppb in their wood tissues. Dilling et al. (2010) found that soil injections resulted in higher concentrations and more uniform distributions of imidacloprid in the crown than trunk injections. Our study did not attempt to quantify imidacloprid concentrations in the crown, and all branches used in these trials were cut from the lower crown of each tree. It is unclear whether treatment effects would be more or less pronounced on predators feeding on adelgids at different crown levels within each tree.
Mauget trunk injections worked as well as soil injections, in contrast to a previously published report in Connecticut that June and October trunk applications were less efÞcacious in A. tsugae control than soil treatments (Cowles et al. 2006) . In this study, trunk injections were made in April or May during warm, sunny, and breezy days bracketed by rainfall. The efÞcacy of trunk injections may be increased when they are performed on days when trees are transpiring high volumes of water. Successful uptake using trunk injection depends on the volume of material injected, plant species, environmental conditions, tree health and size, water movement and availability, and the molecular properties of the product injected (Sán-chez-Zamora and Fernández-Escobar 2000, 2004) . Success is more likely on healthy trees transpiring large volumes of water during treatment, which would promote uptake and distribution of the insecticide.
Stem injections work more quickly and require less pesticide volume than soil injection because they are injected directly into the vascular system. For instance, Tattar et al. (1998) injected imidacloprid in June using trunk injections with the Mauget system or soil injections with a hydraulic sprayer. They found that soil-injected imidacloprid took 8 Ð12 wk to reach a concentration of Ϸ0.15 ppm in eastern hemlock foliage, while trunk-injected imidacloprid took only 4 wk to reach the same concentrations. In our study, trunk injection efÞcacy may have been enhanced by the fact that the capsules were left on the trees up to 24 h. This duration may be a longer amount of time than is often feasible in many treatment environments or situations because of labor limitations or concerns over possible nontarget impacts on humans or pets in a landscape environment. One drawback to stem injection is damage to the tree by drilling into or puncturing the bark or vascular bundle, which can lead to wounding and girdling (Doccola et al. 2003, Smith and Lewis 2005) . Each time a tree is trunk injected a small hole must be drilled into the trunk, which may stress the tree. Research is needed to qualify and quantify hemlock wound response. Soil injection is effective Fig. 5 . Comparison of the proportion of hemlock shoots infested with hemlock woolly adelgid with imidacloprid concentrations recovered in tissue from the same tree. Each point on x-axis is a hemlock tree. Trees were treated with varying rates, methods, and timing (see Table 2 for treatment regime). Field sites, rates, and application methods were pooled to show the relationship between imidacloprid concentrations in wood tissue with corresponding hemlock woolly adelgid populations. but slower than trunk injections. Soil treatment success is dependent on soil type, moisture levels, and tree root system efÞciency and health. Imidacloprid residues in soils after treatment harms nontarget organisms such as earthworms, Eisenia fetida Savigny, (Kreutzweiser et al. 2008) , and soil treatments can affect insect guilds associated with T. canadensis (Dilling et al. 2009 ). Soil treatments could potentially affect soil aestivation of beneÞcial predator insects such as Laricobius nigrinus Fender (Coleoptera: Derodontidae), a biological control agent currently being mass reared and released in a biological control effort to control A. tsugae (Mausel et al. 2010 ). In our study, application method was not signiÞcant, so application decisions should focus on rate rather than method. However, in some cases low rates may not be desirable if trees have high value or are already in poor health. Furthermore, some sites may be better suited to one application method over another. Management decisions require consideration of economical factors such as cost, insecticide formulation, ease of application, and availability of application equipment. Management decisions also require evaluation of site and stand characteristics, and treatment decisions are inßuenced by factors such as local climate, tree location, tree health, A. tsugae-infestation level, desired timeframe of control, the presence or absence of beneÞcial predators, soil type, proximity to water sources, and stand size. For example, trunk injections may be more desirable than soil injections when trees are in proximity to standing water and water contamination from soil injections is a possibility. Joseph et al. (2011) applied 10 and 25% of the labeled rate of imidacloprid (Merit 75 WP) via soil injections, and found a dosage-dependent suppression of A. tsugae up to 2 yr after treatment. This further suggests that lower rates of imidacloprid can provide sufÞcient A. tsugae control, which could have implications for decisions regarding treatment regimes and timing in conjunction with predator releases and establishment, although further studies are needed to establish a treatment plan using chemical application and predator release timing. Joseph et al. (2011) also concluded that a combination of low rates of imidacloprid combined with fertilization may suppress adelgid populations but not eliminate them, a scenario which would encourage predator establishment and preserve an adelgid remnant to feed beneÞcial predators and maintain a healthy predator population. Different susceptibilities by predator species, inßuence of fertilizer applications, and impacts of low rates of imidacloprid application must all be considered when A. tsugae control strategies are being evaluated. For example, in laboratory tests, Eisenback et al. (2010) determined that L. nigrinus is more susceptible to systemic imidacloprid concentrations in hemlock branches than Sasajiscymnus tsugae Sasaji and McClure (Coleoptera: Coccinellidae), another biological control agent of A. tsugae. In the Þeld, low rates of imidacloprid may allow a remnant of A. tsugae for predator feeding, but further study is needed to robustly evaluate any treatment impacts on the successful establishment of different predator species.
A. tsugae is sensitive to imidacloprid concentrations; in a laboratory setting Cowles et al. (2006) The fact that adelgids are surviving on branches where imidacloprid and metabolites can be detected suggests that low or no concentrations of imidacloprid were present in the microenvironment where the adelgids were feeding. Cowles (2009) determined that 50% reduction in A. tsugae populations was attained with 10% of the labeled rate; however, efÞcacy was inßu-enced by the size class of individual trees, with smaller trees (Ͻ82 cm dbh) requiring smaller doses than larger size classes. In the Þeld-treated trees of our study, 75.6% of hemlocks with detected tissue concentrations of imidacloprid Ͼ27 ppb displayed PSI values Ͻ30% physiological injury threshold (Fidgen et al. 2006) .
Metabolism of systemic imidacloprid by plants can result in metabolites that provide complementary control and residual activity alongside the parent compound (Nauen et al. 1998a (Nauen et al. , 1999 . For example, in cotton plants, imidacloprid metabolites have shown insecticidal properties against aphids, sometimes with properties more toxic than imidacloprid itself and protecting the plant even after parent compound concentrations declined (Nauen et al. 1998b ). In hemlocks, oleÞn was the primary metabolite in laboratorytreated branches (Eisenback et al. 2010) . OleÞn was also the primary metabolite in our study using Þeld-treated branches. This strongly suggests that the hemlock metabolic pathway for breakdown of imidacloprid leads to oleÞn, a compound that displays higher efÞcacy against sucking pests such as aphids (Nauen et al. 1999 ) and can cause neurotoxicological poisoning effects such as those observed in honeybees (Suchail et al. 2003 (Suchail et al. , 2004 . For example, oral ingestion of the oleÞn metabolite was 10ϫ more active than imidacloprid against a susceptible strain of cotton whiteßies, Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) (Nauen et al. 1999 ). More research is needed to elucidate the metabolic pathways of imidacloprid in eastern hemlocks. Because oleÞn was the primary metabolite recovered, one possible metabolic pathway eastern hemlocks may use is the hydroxylation of the imidazolidine component of the imidacloprid molecule into the 5-hydroxyl metabolite, which, after elimination of water, is converted to oleÞn. This is a common pathway of metabolism in a variety of plant species (Sur and Stork 2003) . If oleÞn is indeed a primary byproduct of imidacloprid metabolism in hemlocks, this could provide hemlocks additional protection against sucking pests, as metabolism leads to bioactivation of the parent into a compound several times more active than the parent compound itself. Additional studies are needed to quantify the efÞ-ciency of the oleÞn metabolite in controlling A. tsugae.
In conclusion, A. tsugae infestations were efÞciently controlled with the labeled rate of both trunk and soil applications of imidacloprid. The low densities of A. tsugae populations on half rate trees suggests protection from A. tsugae for at least 1Ð3 yr posttreatment. To reduce A. tsugae infestations below the injury threshold of 30% infestation, application rates and timing should aim for a minimum concentration of 27 ppb imidacloprid in wood tissues. The efÞcacy of imidacloprid is enhanced by metabolism of imidacloprid into oleÞn, and future studies should track oleÞn metabolism and transport in the hemlock canopy. Low rates of imidacloprid should be considered in treatment regimes that desire reduced A. tsugae populations in conjunction with localized predator releases.
